The most prominent alkaloid of Chelidonium majus is dihydrocoptisine, revealing the characteristic benzophenanthridine skeleton. To date, any informationon on the enzymes responsible for its biosynthesis and the related genes in C. majus is lacking. Based on sequence similarities to the corresponding methylenedioxy bridge-forming Cyt P450 enzymes involved in isoquinoline alkaloid biosynthesis in Eschscholzia californica, genes for a cheilanthifoline synthase and a stylopine synthase from C. majus were isolated, sequenced and heterologously expressed in yeast. The activity of the heterologously expressed Cyt P450 enzymes was determined in situ as well as on the basis of microsomal fractions. It was shown that cheilanthifoline synthase (c8931) converts scoulerine into cheilanthifoline, the latter subsequently being converted to stylopine by the action of a stylopine synthase (c1128). Based on the wellknown instability of stylopine, it can be assumed that in vivo-under the acidic conditions in the vacuole-this alkaloid is converted to dihydrocoptisine, which accumulates in C. majus leaves. Both methylenedioxy bridge-forming Cyt P450 enzymes from C. majus are characterized by their high substrate specificity. Apart from their genuine substrates, i.e. scoulerine and cheilanthifoline, cheilanthifoline synthase and stylopine synthase do not accept other substrates tested; the only alternative substrate identified was scoulerine, which is converted by stylopine synthase to yield minor amounts of nandinine. Quantitative real-time PCR revealed that the expression of cheilanthifoline synthase and stylopine synthase genes is very similar in both roots and leaves from C. majus, although the alkaloid accumulation patterns in these organs are quite different.
Introduction
Tetterwort or greater celandine (Chelidonium majus L.) is a traditional medicinal plant from the Papaveraceae family, which has a rich record of applications in ethnopharmacology, is used commonly to enhance gall productivity and to promote liver performance (Colombo and Bosisio 1996) . The extracts of tetterwort are antibacterial (Cheng et al. 2006) , antimycotic (Meng et al. 2009 ) and slightly cytotoxic, and they cause limpness and tone reduction of smooth muscles (e.g. Lenfeld et al. 1981 , Gilca et al. 2010 ; for a review see Maji and Banerji 2015) . These effects are mainly due to the alkaloids present in the milk sap. In the past, chelidonine, chelerythrine and sanguinarine had been reported to be the main alkaloids of Chelidonium roots and also of the leaves (Freytag 1980) . However, in subsequent studies coptisine was identified to be the major alkaloid occurring in Chelidonium leaves (Fulde and Wichtl 1994 ). Yet, it was shown recently that dihydrocoptisine, and not coptisine, is the genuine alkaloid occurring in C. majus leaves (Paulsen et al. 2015) . The authors outlined that dihydrocoptisine is oxidized postmortem to yield coptisine. This conversion, which is suppressed in very acidic solutions, also takes place when Chelidonium leaves are damaged in the course of harvesting and drying.
Many studies have been performed to elucidate the synthesis of various benzylisoquinoline alkaloids. Meanwhile, detailed data for the biosynthesis of morphine in Papaver somniferum (for a review, see Ziegler et al. 2009 ), berberine in Coptis japonica (Ikezawa et al. 2003) or the benzylisoquinoline alkaloids in Eschscholzia californica (Ikezawa et al. 2009 ) are available. In contrast only limited information on the biosynthesis of dihydrocoptisine/coptisine in C. majus is available at present. Hori et al. (2016) outlined that in E. californica, reticuline is converted to stylopine by three enzymatic steps (Fig. 1) . However, part of the stylopine produced undergoes conversion to coptisine by spontaneous oxidation (Hori et al. 2016 ; Fig. 1 ). As Paulsen et al. (2015) demonstrated that in C. majus dihydrocoptisine is also converted promptly to coptisine (Fig. 1) , it was hypothesized that in C. majus a stylopine synthase might also be involved in the biosynthesis of the major benzylisoquinoline alkaloid. This hypothesis was underlined by the finding of Battersby et al. (1975) , who showed that in C. majus stylopine is derived from reticuline. Accordingly, in the present work, we analyzed whether a gene for a stylopine synthase is likewise present in C. majus, and whether the corresponding enzyme is indeed able to convert cheilanthifoline to dihydrocoptisine or coptisine, respectively. Based on their sequence similarities to the stylopine synthase gene from E. californica (Ikezawa et al. 2007) , putative stylopine synthase genes have thus been isolated from C. majus, and the corresponding candidates have been heterologously expressed in yeast for the characterization of their substrate preferences.
Results
Cloning and heterologous expression of putative stylopene synthase from Chelidonium majus Based on the amino acid sequences of Cyt P450 proteins that catalyze the production of stylopine in E. californica, 38 homologous proteins from C. majus have been identified by blast searches (Supplementary Fig. S1 ). The highest similarities were found among those proteins grouping within clade 1, which gave rise to the assumption that stylopine synthase activity is exhibited by one or several of these proteins. The cDNAs of the corresponding genes have thus been isolated from C. majus Hori et al. (2016) , reticuline is converted to scoulerine by the action of the berberine bridge enzyme (BBE), and further modified by cheilanthifoline synthase (CHS) and stylopine synthase (STS). Stylopine might be converted spontaneously to dihydrocoptisine, which is known to be oxidized to yield coptisine (Paulsen et al. 2015) .
plants and cloned into pGYR plasmids to enable heterologous expression of these genes in the yeast Saccharomyces cerevisiae. Unfortunately, only three of the six putative stylopine synthase genes from C. majus (c1128, c4873 and c8931; Supplementary  Fig. S2A -C) could finally be established and expressed in yeast, since the other three could not be released from the backbone of the pJet1.2 vector, even by changing the restriction enzymes (BglII). In the same manner, the change of the bacterial strain (Escherichia coli, ATCC 47013) and the use of a different vector (pBluescript SK) also was not successful. Yet, in particular the protein sequences deduced from the successfully cloned and sequenced cDNAs presented a significant sequence similarity of about 75-80% as compared with the known stylopine synthase proteins from E. californica. The characteristic properties of conserved eukaryotic Cyt P450, i.e. the helix-K region, the aromatic region and the heme-binding region, are indicated in Supplementary Fig. S3 by blue lines; the canonical conserved EXXR motif is encircled by a dotted line.
Attempts to identify the successful expression of C. majus proteins in yeast by SDS-PAGE and subsequent Coomassie Brilliant Blue staining did not reveal any visible difference between control and transformed yeast cells (data not shown). It was thus a logical consequence to monitor the possible stylopine synthase activity of the heterologously expressed Cyt P450 enzymes corresponding to the genes c1128, c4873 and c8931 from C. majus.
In the present work, two different approaches were chosen for verifying the enzyme activities of the heterologous expressed gene products. First, the putative substrates were applied directly to the liquid medium. Due to their high membrane permeability, the alkaloids diffuse into the cells and could be converted by the corresponding enzymes. In turn, the products of the enzymatic reaction subsequently could diffuse back into the medium. Thus, enzyme activity can be determined by liquid chromatography-mass spectrometry (LC-MS)-based identification of the products either in the incubation medium or within the yeast cells. Separation was performed by centrifugation after the incubation. Consequently, the alkaloids in the 'supernatant' represent the products which had diffused back into the medium. In contrast, the products, which remained in the cells are present in the pellet, which subsequently was extracted ('cell extract'; Figs. 2, 3). It turned out that different products generated by using various substrates behave differentially. In the case of stylopine production from cheilanthifoline, the product concentration within the cells was much higher than in the supernatant. Obviously, the capability of stylopine to cross the membranes, and thus to diffuse back into the medium, is much lower than that of cheilanthifoline. Accordingly, stylopine is 'trapped' to a certain extent within the cells (Fig. 2) . In contrast, the cheilanthifoline produced from scoulerine easily diffuses back into the medium (Fig. 3) .
Since Cyt P450 enzymes are associated with the endoplasmic reticulum, the analysis of protein fractions and the determination of the corresponding enzyme activities has to be performed with microsomal fractions. Accordingly, in a second approach, microsomes have been produced and incubated with the appropriate substrates ('microsomal fractions '; Figs. 2, 3) . Also in this case, products were determined by LC-MS.
The genuine substrate of a classical stylopine synthase is cheilanthifoline. Unfortunately, no pure cheilanthifoline was available, so a mixture of cheilanthifoline and scoulerine was used as substrate to determine the stylopine synthase activity (Fig. 2) . In all approaches using cells transformed with the C. majus c1128 cDNA, i.e. in the supernatants, in the cell extracts or in microsomal fractions, respectively, stylopine was produced and the cheilanthifoline concentration decreased. In contrast, the controls (yeast cells transformed with the empty vector) did not produce any stylopine. Thus it is concluded that the c1128 gene encodes a stylopine synthase.
In contrast, no stylopine was produced when yeast cells transformed with the C. majus c8931 cDNA were analyzed analogously. However, the concentration of cheilanthifoline appeared to increase during incubation, while that of scoulerine decreased (data not shown). Consequently, c8931-transformed yeast cells were incubated with pure scoulerine. In all three fractions, i.e. in supernatants, cell extracts and microsomal fractions, respectively, this substrate was indeed converted to cheilanthifoline, strongly suggesting that the gene c8931 encodes a cheilanthifoline synthase.
In addition, yeast cells transformed with the C. majus c4873 gene were also analyzed, but neither the generation of stylopine nor the generation of cheilanthifoline could be determined (data not shown), indicating that this gene does not encode a stylopine synthase or cheilanthifoline synthase.
Substrate specificity of stylopine synthase (c1128) and cheilanthifoline synthase (c8931) Both enzymes, stylopine synthase and cheilanthifoline synthase, oxidatively transfer a methoxy group to a vicinal hydroxyl group to yield a methylenedioxy bridge. In the case of stylopine synthase, however, this reaction occurs in the A-ring of the alkaloid, whereas cheilanthifoline synthase catalyzes the corresponding reaction in the D-ring (Fig. 4) . Obviously, the substrate specificity of the enzymes determines which of these reactions is preferred. Accordingly, we tested various alkaloid precursors differing in their hydroxylation and methoxylation patterns ( Fig. 2) as putative substrates for further characterization of the substrate specificity. When yeast cells transformed with the C. majus c8931 cDNA were used as the enzyme source, only scoulerine was converted into cheilanthifoline (Fig. 3 ). All other substrates had not been accepted, demonstrating the high degree of substrate specificity of this cheilanthifoline synthase.
In the case of the enzyme encoded by the C. majus c1128 cDNA, a similar distinct substrate specificity was determined. Apart from cheilanthifoline, which was converted to stylopine, scoulerine was also accepted as substrate, leading to the production of nandinine ( Supplementary Fig. S4 ), an alkaloid already found to be produced by the stylopine synthase from E. californica (Ikezawa et al. 2007 ). It should be noted that scoulerine reveals two methoxy groups, which both exhibit a vicinal hydroxy group (in ring A and D; Fig. 4 ). Even though basically two possibilities may exist to generate a methylenedioxy bridge, only the hydroxyl group of ring A was found to be oxidized by the C. majus stylopine synthase (see Supplementary  Fig. S4 ). All other substrates were not accepted by the enzyme encoded by c1128.
With respect to substrate specificity, it has to be considered that in the standard assay for stylopine synthase activity, when a mixture of cheilanthifoline and scoulerine is used as substrate (see above), only stylopine was produced from cheilanthifoline, whereas no nandinine was generated from scoulerine ( Fig. 3) . Obviously, the affinity of this C. majus stylopine synthase for cheilanthifoline is much higher than that for scoulerine, resulting in a strict preclusion of the latter substrate.
As a major finding, it is noted that in C. majus, a stylopine synthase (c1128) is present, that on the amino acid level reveals a high degree of homology to the two stylopine synthases from Stylopine synthase activity in transgenic yeasts (c1128). Due to the lack of pure cheilanthifoline, enzyme activity was determined by using a mixture of cheilanthifoline and scoulerine as substrate. While the latter was not converted, cheilanthifoline was transformed into stylopine. Incubation was carried out either with microsomal fractions (bottom-most image) or with intact cells. In the latter case, the amount of stylopine that remained within the cells was quantified by analyzing the cell extract. In addition, stylopine, which diffused out of the cells into the medium, was determined by analysis of the supernatant (uppermost image). As a control, corresponding incubations had been conducted using transformed yeast containing the empty pGYR vector.
E. californica with sequence identities of 80.6% to EcCYP719A2 and 74.9% to EcCYP719A3. In addition, C. majus harbors a cheilanthifoline synthase (c8931) that reveals a similarly high identity of about 81% to the corresponding protein (CYP719A5) from E. californica. These findings suggest that in C. majus, the benzylisoquinoline alkaloids are synthesized analogously to E. californica. The nucleotide sequences reported in this paper were submitted to the GenBank/BankIt Data Bank under the accession numbers MF039641 for stylopine synthase (c1128) and MF039640 for cheilanthifoline synthase (c8931).
Expression of stylopine synthase (c1128) and cheilanthifoline synthase (c8931) genes in C. majus
It is well established that alkaloids found in the leaves might either be synthesized in the roots and subsequently translocated into aerial parts, such as tropane and pyrrolizidine alkaloids (Hartmann et al. 1989 , Suzuki et al. 1999 ), or they are generated in leaves such as lupine quinolizidine alkaloids (Wink and Hartmann 1981) . In the case of isoquinoline alkaloids, it was shown that berberine accumulates in the rhizome of (R,S)-Cheilanthifoline 0 (S Fig. 3 Cheilanthifoline synthase activity in transgenic yeasts (c8931). Enzyme activity was determined by using scoulerine as substrate, which was converted into cheilanthifoline. Incubation was carried out with either microsomal fractions (bottom-most image) or intact cells. In the latter case, the amount of stylopine that remained within the cells was quantified by analyzing the cell extract. In addition, stylopine, which diffused out
Coptis japonica roots, whereas the expression of the related biosynthetic genes is restricted to other root tissues (Shitan et al. 2003) . Given that the respective enzymes are made and act at the site of gene expression, a translocation of the produced alkaloids is required. In order to elucidate the site of biosynthesis of dihydrocoptisine in C. majus, we analyzed the expression of the stylopine synthase c1128 and the cheilanthifoline synthase c8931 by quantitative real-time PCR (qRT-PCR) in roots and leaves of C. majus. It turned out that both genes are expressed in root and leaves at comparable levels (Fig. 5 ). Yet, stylopine synthase was shown to be expressed more intensely in roots than in leaves, whereas cheilanthifoline synthase was found to be expressed to a higher extent in leaves relative to roots.
Accumulation of benzylisoquinoline alkaloids in C. majus
To obtain further information on the site of biosynthesis of the benzylisoquinoline alkaloids in C. majus and to get hints on a putative translocation, we analyzed the contents of various alkaloids in roots and leaves of C. majus plants. Since dihydrocoptisine is very unstable and tends to be oxidized spontaneously, the genuine alkaloid was completely converted to coptisine by drying plant materials for 2 d at 50 C (Paulsen et al. 2015) . Subsequent HPLC analyses revealed that in C. majus leaves about 93% of the total alkaloid content is represented by coptisine, i.e. by dihydrocoptisine (Fig. 6) . In contrast, in roots of C. majus, chelidonine represents the major alkaloid by providing about 45% of the total alkaloid content, while sanguinarine and coptisine each accounts for only about 20%.
Discussion
In C. majus a stylopine synthase and a cheilanthifoline synthase were identified which are closely related to the corresponding enzymes of E. californica. Consequently, we assume that the entire biosynthesis of benzylisoquinoline alkaloids in C. majus is very similar to that of E. californica, which comprehensively was elucidated and characterized by the group of F. Sato (e.g. Ikezawa et al. 2007 , Ikezawa et al. 2009 , Takemura et al. 2013 , Hori et al. 2016 . When focusing on leaves, the situation seems to be relatively simple: due to the action of cheilanthifoline Concentration of coptisine in root and leaf of C. majus. The contents of all alkaloids were quantified by HPLC. Since dihydrocoptisine accumulated in the vital plants, is very unstable and tend to be oxidized spontaneously, the genuine alkaloid was completely converted to yield coptisine before HPLC.
synthase and stylopine synthase, scoulerine, derived by the activity of the berberine bridge enzyme, is converted to stylopine (Fig. 1) . Subsequently, this intermediate is converted either by the action of another, as yet unknown enzyme, or, as postulated by Hori et al. (2016) , spontaneously. In consequence, dihydrocoptisine, which accumulates as the major genuine alkaloid in C. majus (Paulsen at al. 2015) , is produced. Upon tissue rupture or in the course of drying of plant material, this alkaloid will be oxidized spontaneously whereby coptisine is formed. In this context, it is worth mentioning that the latter two reactions are differentially influenced by acidity. While the formation of dihydrocoptisine (Fig. 1) , which mandatorily requires protons, is strongly favored under acidic conditions, e.g. within plant vacuoles, the oxidation to coptisine is inhibited at such a low pH (Paulsen at al. 2015) . When newly synthesized stylopine is imported into intact acidic vacuoles, it will thus rapidly be converted to dihydrocoptisine, which is stable under these conditions and thus able to accumulate. In contrast to the unequivocal situation in leaves, the alkaloid pattern within roots of C. majus is much more complex (Fig. 6) . In this organ, chelidonine represents the major alkaloid, followed by sanguinarine and dihydrocoptisine/coptisine. Although these findings are more or less in accordance with previous studies on the composition of alkaloids in C. majus roots (e.g. Bugatti et al. 1991 , Tomè and Colombo 1995 , Sárközi et al. 2006 , they trigger further questions with respect to the related biosynthetic processes. As both involved enzymes, stylopine synthase and cheilanthifoline synthase, are expressed to similar extents in roots as well as in leaves (Fig. 5) , the production of stylopine should not differ drastically in these organs. Thus, the question arises of how the observed massive differences in the composition of alkaloids (Fig. 6) are caused. In this context, we have to consider that stylopine, apart from its significance as a precursor for dihydrocoptisine, also represents an intermediate in the biosynthesis of chelidonine (Takemura et al. 2013 ) and that sanguinarine is also derived from stylopine (Leete and Murrill 1967) . As outlined in Fig. 1 , chelerytrine is the only major alkaloid from C. majus roots, which is synthesized from scoulerine without any cheilanthifoline or stylopine as intermediate and thus without any involvement of cheilanthifoline or stylopine, respectively (Takemura et al. 2013) . Surprisingly, at least in E. californica, the enzymes responsible for the conversion of cheilanthifoline (via stylopine and three further metabolites) into sanguinarine also catalyze the conversion of tetrahydrocolumbamine into chelerythrine (Takemura et al. 2013) . Provided that the situation is similar in C. majus, the fact that both final products, sanguinarine and chelerytrine, accumulate in C. majus roots demonstrates that tetrahydrocolumbamine must be present in the roots as an intermediate. Thus, the ratio of metabolic flow to chelerythrine on the one hand and to chelidonine, sanguinarine and dihydrocoptisine on the other hand must be determined by the conversion of scoulerine, either to tetrahydrocolumbamine or to cheilanthifoline. These two reactions are catalyzed by the scoulerine-9-Omethyltransferase and the cheilanthifoline synthase, respectively (Takemura et al. 2013) . Further studies should thus aim at identifying the ratios of these enzymes in different organs in order to obtain more information on the complex biosynthesis of bezylisoquinoline alkaloids in C. majus. In this context, special emphasis should also be put on the elucidation of how the conversion of stylopine either to dihydrocoptisine or to chelidonine and sanguinarine is regulated. Nonetheless, the overall concentration of alkaloids in the leaves is quite a lot higher than in the roots. An explanation for this difference could be the strong difference in the reduction power of roots and leaves. It is well known that the strongly elevated reduction status in leaves, especially under stress conditions, favors the biosynthesis of highly reduced natural products (Selmar and Kleinwächter 2013) .
Materials and Methods

Plant materials
Chelidonium majus plants, obtained as seedlings from a commercial provider for pharmaceutical plants (PHARMASAAT), were grown for 2 months in the field. Directly after harvesting, roots and leaves of the plants were shock-frozen in liquid nitrogen and stored at -80 C.
Isolation and reverse transcription of C. majus RNA Total RNA was isolated from leaves and roots of C. majus plants using the NucleoSpin RNA Plant kit (Macherey-Nagel). According to the manual, first we checked which lysate buffer of the kit (RAP or RAW) yields the best quality of total RNA. Accordingly, RAP was used for all extractions. Moreover, instead of the suggested single application of DNase (15 min), samples were treated twice in order to minimize the genomic DNA contamination. RNA quality, i.e. the absence of genomic DNA, was checked by using the extracted RNA as template in qRT-PCR. About 1 mg of the respective RNA was reverse-transcribed into cDNA with avian myeloblastosis virus reverse transcriptase (Promega) and oligo-d(T)18-BamHI primer according to standard procedures. The oligo-dT(18) primer used in the present study (5 0 -TTT TTT TTT TTT TTT  TTT GGA TCC ATA TAT-3 0 ) additionally harbors an internal BamHI site that principally allows for cloning into BamHI-containing plasmids, but that was not of relevance for cloning of any of the constructs created in this study.
Primer design
Identification of the C. majus stylopine synthase gene was based on sequence homologies with the two corresponding genes encoding the two stylopine synthases from E. californica, EcCYP719A2 and EcCYP719A3 (NCBI). As the entire transcriptome of C. majus is available (www.phytometasyn.ca), a blast for the full-length amino acids sequences was performed, which resulted in 39 homologous genes. Based on the Neighbor-Joining method (CLUSTALW, Mega7 software), six homologous C. majus protein sequences were identified to fall into the same clade as the sequences of two stylopine synthase genes from E. californica mRNAs EcCYP719A2 and EcCYP719A3 (for details, see Supplementary Fig. S1 ). According to their nucleotide sequences and the corresponding open reading frames (ORFs), six primers pairs had been designed, each pair consisting of one primer binding to the 5 0 -start region and one primer binding to the 3 0 -stop region of the respective cDNA ( Table 1 ). In addition, SpeI (ACTAGT) sites were introduced to flank the start ATG of every forward primer or the stop codon of each reverse primer.
PCR and purification of DNA fragments from agarose gels
PCRs of the cDNA template using the designed primers have been performed by using the Phusion High Fidelity PCR Kit (Thermo Fisher). The following PCR program was used: 30 s at 95 C for initial denaturing of templates, 30 cycles including denaturing for 10 s at 98 C, annealing for 45 s at 56 C and elongation for 45 s at 72 C, and a final elongation step for 6 min at 72 C. PCRs were electrophoresed on 1% agarose gels, and the desired bands were finally cut and the DNA purified by using the NucleoTrap Gel extraction kit (MachereyNagel).
Cloning of genes into the pJet1.2 plasmid and transformation into E. coli DH5a
The eluted DNA fragments were ligated into the pJet1.2 plasmid according to the manufacturer's instructions (Thermo Scientific Clone Jet PCR cloning kit, Thermo Fisher). Transformation of the resulting cDNA constructs was performed by heat shock of E. coli DH5a cells. Positive clones were identified by their growth on LB medium in the presence of ampicillin. Plasmid DNA was isolated by use of the NucleoSpin Plasmid kit (Macherey-Nagel), and the correctness of the isolated pDNA was confirmed by sequencing of at least three independent clones for each construct (Eurofins Genomics).
Cloning of C. majus stylopine synthase cDNAs into pGYR expression vectors
For cloning into the pGYR expression vector, the cDNAs of the putative C. majus stylopine synthases were released from the pJet1.2 backbone by digestion with the SpeI restriction enzyme (Promega) while the pGYR plasmid was pretreated by SpeI restriction enzyme and alkaline phosphatase (Promega) in one step. The reaction products were subsequently loaded onto a 1% agarose gel, and the desired bands were extracted and purified by use of the NucleoTrap Gel extraction kit (Macherey-Nagel) and cloned in pGYR plasmid according to standard ligation procedures. The direction of the cloned genes (sense or antisense) was identified by sequencing (Eurofins Genomics), and sense clones were chosen for further analysis.
Expression of recombinant proteins in S. cerevisiae (AH22)
Saccharomyces cerevisiae (strain AH22) was grown overnight in liquid YPD media at 30 C. Yeast cells were harvested by centrifugation (2,300 Â g) and washed with pre-cooled water prior to washing with pre-cooled 1 M sorbitol solution. The cells were re-suspended in 500 ml of 1 M sorbitol, and 80 ml of the re-suspended cells were mixed with 1 mg of the respective pGYR construct. As a control, 1 mg of pGYR plasmid without an insert was mixed with AH22 cells. The mixtures were transferred to pre-cooled Gene Pulser cuvettes (Bio Rad) and cells were shocked by a short electric pulse (1,500 V; Bio-Rad Gene Pulser; BioRad Laboratories GmbH). Immediately after this treatment, 500 ml of 1 M precooled sorbitol was added, and the cells were plated on solid SD media containing histidine. After 2 d, the positive colonies were chosen for PCR by using the KOD neo FX kit (Toyobo Co., Ltd.). By using the specifically designed forward primers for every cloned gene (Table 1 ) and universal reverse primers (5 0 -GTT TTC CCA GTC ACG AC-3 0 ), the presence of the three inserted cDNAs and their orientations in the pGYR vector within the cells was confirmed.
Characterization of stylopine synthase activities in intact transgenic yeast cells
Pre-cultures of the positive clones containing either one of the putative stylopine synthase cDNAs in pGYR or the pGYR control plasmid were grown in 1.5 ml of concentrated SD medium on a shaker (250 r.p.m.) overnight at 30 C. Subsequently, the pre-cultures were used to inoculate 150 ml of fresh concentrated SD medium into 500 ml flasks. When the optimum concentration (OD 600 = 10-15) was reached, 35 ml of the cell suspension were harvested by centrifugation (2,300 Â g) and re-suspended in 7 ml of 100 mM HEPES buffer (pH 7.5). For characterization of activity and substrate specificity, seven different potential substrates (50 ml) were added to 950 ml of the re-suspended cells (Fig. 2) to a final concentration of 100 mM and the tubes were shaken overnight at 30 C. After incubation, the cells were sedimented by centrifugation (20,400 Â g for 20 min) and the supernatant was used directly for HPLC analysis. In contrast, the sediment was re-suspended and incubated overnight in 1 ml of MeOH containing 2 ml of 5 N HCl (v/v) to disrupt yeast cells completely and release putative reaction products into solution. After centrifugation (20,400 Â g for 20 min), samples were analyzed by HPLC.
Characterization of enzyme activities in microsomal fractions
In order to exclude any problem with respect to the substrate availability caused by limited influx of the substrates, stylopine synthase activity of the transformed yeast cells was also assayed using corresponding microsomal fractions. Therefore, yeast cells were harvested and washed as mentioned before. Instead of HEPES buffer, however, the cells were re-suspended in 25 ml of precooled zymolyase buffer containing 2.5 ml of dithiothreitol according to Hori et al. (2016) . After centrifugation (2,300 Â g, 3 min at 4 C), the pellet was resuspended and treated with zymolyase 100-T (Seikagaku Biobusiness; 7.5 mg in 25 ml of zymolyase buffer containing 2.5 ml of dithiothreitol) for 1 h at 30 C with gentle shaking. The mixture was again centrifuged and washed as described before, the supernatant was discarded and the pellet was washed a further twice with pre-cooled zymolyase buffer (25 ml containing dithiothreitol). After the final washing step, cells were re-suspended in sonication buffer, immediately shock-frozen in liquid nitrogen and stored at -80 C. For extraction of microsomal fractions, samples were thawed at room temperature. After thawing, the cell walls were disrupted at 4 C using a dounce homogenizer (PotterElvehjem). The homogenate was centrifuged (5,800 Â g, 20 min, 4 C) and the supernatant was transferred into an ultracentrifuge and centrifuged at 100,000 Â g for 1 h at 4 C. The resulting supernatant was discarded, the microsomal pellet was immediately re-suspended in 500 ml of pre-cooled HEPES buffer (pH 7.5) and immediately shock-frozen in liquid nitrogen in 10 aliquots: nine for the enzyme assays and one for protein concentration determination with the Bradford protein assay (Bio-Rad).
Aliquots of 50 mg of microsomal protein of each of the various transformed yeast cells (c1128, c8931 and control) were mixed with 2.5 ml of a 2 mM solution of each putative substrate (Fig. 2) and 2.5 ml of 10 mM NADPH. The total volume of each reaction was made up to 50 ml with HEPES buffer (pH 7.5) and the assays were incubated at 30 C for 120 min. To stop the reaction, 50 ml of methanolic trichloroacetic acid (TCA) [four parts (v/v) MeOH; one part 20% TCA] were added to the mixture. Mixtures were then kept on ice for 10 min and centrifuged (20,400 Â g; 20 min), and the supernatant was analyzed by HPLC-MS or HPLC/MS/MS.
Analyzing the reaction products by LC-MS/LC-MS/MS
LC-MS was performed using the Shimadzu LC/MS-2020 with electrospray ionization (ESI) at 1.5 kV in positive ion mode. The measurement of UV absorbance was done at 280 nm equipped with an SPD-20A detector (Shimadzu). The instrument was equipped with a TSKgel 80-TM column (4.6 Â 250 mm; Tosoh). The temperature of the column was adjusted to 40 C. The solvent system and flow rate were CH 3 CN/H 2 O (35 : 65, v/v) containing 1% acetic acid and 0.6 ml min -1 , respectively. To verify the occurrence of the correct reaction product, typical MS fragments were analyzed by LC-MS/MS using the Shimadzu LC-MS/MS-8030 system with ESI in product ion scan mode, m/z 50.00-400.00, collision energy at -35.0 V. The instrument was equipped with an SPD-M20A detector (Shimadzu) to determine the absorbance at 280 nm. The temperature of the column (TSKgel 80-TM, 4.6 Â 250 mm; Tosoh) was adjusted to 40 C. The solvent system and the flow rate were CH 3 CN/H 2 O (35 : 65, v/v) containing 1% acetic acid and 0.6 ml min -1 , respectively.
Expression of stylopine synthase (c1128) and cheilanthifoline synthase (c8931) in roots and leaves of C. majus
To determine putative changes in the transcript level of stylopine synthase (c1128) and cheilanthifoline synthase (c8931) genes in roots and leaves of C. majus, qRT-PCR using actin as housekeeping gene was performed. The used primers, which had been designed according to the sequences of c1128, c8931 and actin, respectively, are given in Table 2 .
A 1 ml aliquot of the corresponding forward and reverse primers (10 mM) was mixed with 2 ml of each cDNA template, 5 ml of SYBR Green master mix (Bio-Rad) and 1 ml of water. Conditions for the PCR were: 95 C for 3 min followed by 40 cycles of 95 C for 10 s, 60 C for 10 s and 72 C for 20 s. For identification of possibly occurring unspecific PCR products, a melting curve was recorded and gel electrophoresis was performed.
Extraction and isolation of coptisine
Plant samples (roots and leaves) were harvested and shock-frozen in liquid nitrogen. Since dihydrocoptisine is very unstable and tends to be oxidized spontaneously, the genuine alkaloid was completely converted to coptisine by drying plant materials for 2 d at 50 C (Paulsen et al. 2015) . The dried plant materials were ground to a fine powder using a bead mill. The powdered material was subjected to extraction of alkaloids in methanol/water solution (75 : 25, v/v; adjusted to pH 3.5 by addition of acetic acid) using an ultrasonic bath for 30 min. After centrifugation (15,000 Â g, 10 min), the extract was filtrated and separated by HPLC.
Quantification of coptisine by HPLC
HPLC was performed on a Nucleosil RP-18 (5 mm) column using a tertiary gradient: 0 min: 5% A, 90% B, 5% C; 24 min: 70% A, 10% B, 20% C; A: acetonitrile; B: 10 mM (NH 4 ) 2 SO 3 , containing 0.2% triethylamine, adjusted with acetic acid to pH 4.0; C: methanol; at a flow-rate of 1.0 ml min -1 The injection volume was 20 ml. Coptisine was monitored using a LC UV 90 detector from Perkin Elmer at 280 nm.
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